We have discovered a radio source (B21141022) with a unique structure during the course of the JVAS gravitational lens survey. VLA, MERLIN, VLBA and MERLIN1EVN radio maps reveal four compact components, in a configuration unlike that of any known lens system, or, for that matter, any of the ,15 000 radio sources in the JVAS and CLASS surveys. Three of the components are within 0.3 arcsec of each other while the fourth is separated from the group by 2.4 arcsec. The widest separation pair of components have similar radio structures and spectra. The other pair also have similar properties. This latter pair have spectra which peak at ,5 GHz. Their surface brightnesses are much lower than expected for synchrotron self-absorbed components.
I N T R O D U C T I O N
The JVAS (Jodrell -VLA Astrometric Survey) is a survey of flatspectrum radio sources whose primary purpose was to find phasereferencing calibrators for MERLIN (Patnaik et al. 1992a; Browne et al. 1998a; Wilkinson et al. 1998 ). However, the observations are also ideal for recognizing sources which possess multiple components or have very complex structure which are candidate gravitational lens systems. All lensing candidates amongst the 2384 JVAS sources were then followed up with MERLIN and VLBI (King et al. 1999; Augusto, Wilkinson & Browne 1998) whose higher resolution allows one to separate the genuine lens systems, which consist of multiple flat-spectrum components, from systems containing a flat-spectrum core and steep-spectrum extended radio emission. Many candidates were also followed up with multi-frequency VLA observations to check if their components had similar spectral indices.
The radio source B21141022 was the sixth strong candidate lens system discovered in JVAS, the others being: B02181357 (Patnaik et al. 1993) , B10301074 (Xanthopoulos et al. 1998 ), B14221231 (Patnaik et al. 1992b ), B19381666 (King et al. 1997) and MG 041410534 (Hewitt et al. 1992 ) which was known previously. Unlike the other objects, which were relatively easy to confirm as lens systems, it has proven exceedingly difficult to reach a clear conclusion about the true nature of the B21141022 system, though we believe that two of the components are lensed images of each other and the other two are not. In this paper we present the extensive radio and optical follow-up observations made of this lens candidate (Table 1) . We discuss a range of scenarios which might account for this strange system. A companion paper (Chae, Mao & Augusto 2001 ) presents a detailed discussion of possible lens mass models.
R A D I O O B S E RVAT I O N S
All radio interferometer data were processed using the NRAO AIPS package and DIFMAP (Shepherd, Pearson & Taylor 1994) through the standard routines. During the observations we used standard point-source and flux calibrators as well as fringe finders for the VLBI observations and a nearby phase-referencing calibrator for the MERLIN observations. The initial JVAS 8.4-GHz map (Browne et al. 1998a ) showed B21141022 to have a very unusual structure. It has four compact radio components in a configuration unlike that of any known lensed system or, for that matter, of any other radio source in the JVAS1CLASS (Cosmic Lens All-Sky Survey; e.g. Browne et al. 1998b ) data base which contains a total of ,15 000 sources. As shown in the MERLIN 5-GHz map (Fig. 1) three of the components are within 0.3 arcsec of each other and the fourth is ,2 arcsec away. MERLIN1EVN 1.6-GHz observations reveal extended structure in the components of B21141022; the resultant map is presented in Fig. 2 . From this map and the results of model fitting to the visibilities (Table 2 ), it appears that components A and D have structures dominated by unresolved components #10 milliarcsec (mas) in size while B and C have no clear compact features and are extended on scales of tens of mas. The sizes of the components are entirely consistent with those seen in a VLBA 5-GHz snapshot observation (Augusto 1996) in which components A and D were easily detected and found to be #1 mas in size, component B was detected with a size of ,30 mas while C was resolved out.
Our data taken over several years and at various frequencies (Table 1) allow us to build up spectra for all four components. We see no evidence for variability at $10 per cent level. In Table 3 we present the component radio flux densities measured at various frequencies. The spectra of the components are shown in Fig. 3 , together with the overall spectrum for B21141022 which has a pronounced turnover at ,3 GHz. At frequencies below 5 GHz the spectra of components A and D, although similar to each other, are significantly steeper than those of components B and C. The latter have similar spectra (see Table 3 ) both peaking around 5 GHz. The steeper spectra of A and D would lead us to expect that they should be more extended than B and C whereas the VLBA 5 GHz (Augusto 1996) and the MERLIN1EVN 1.6 GHz maps show the opposite (Fig. 2) , with the dominant components of A and D barely resolved while those of B and C are well resolved.
O P T I C A L O B S E RVAT I O N S

Imaging
On the Palomar Observatory Sky Survey (POSS) there is a magnitude 19 red object within 1 arcsec of the radio centroid of B21141022. Observations with the NIRC on Keck in 1996 July 31 at K band, resolve the optical emission into two galaxies with a north-south orientation. Hubble Space Telescope (HST ) observations with WFPC2 were obtained on 1997 July 3 in V and I bands and on 1997 August 28 with NICMOS in H band (Fig. 1 , greyscale). These observations confirmed the presence of the two galaxies which were seen with Keck. The integrated HST I magnitudes are 19:0^0:1 for the southern galaxy (G1) and 19:50 :1 for the northern galaxy (G2). The V magnitudes are 20:6^0:1 for G1 and 21:9^0:1 for G2. We find V 2 H ¼ 3:6^0:1 for G1 Table 2 . 
and V 2 H ¼ 4:6^0:1 for G2. These colours are consistent with those expected for early type galaxies at the redshifts we have determined (see below). The position angles of G1 and G2, derived by fitting elliptical isophotes to the light profiles, are 280^108 and 253^108 respectively. Both galaxies have smooth brightness distributions consistent with them being elliptical galaxies. Although the potential lensing galaxies G1 and G2 are clearly visible, there is no sign of emission from any of the radio components down to I ¼ 25 and H ¼ 23.
1 The absence of optical or infrared emission from the radio component D (Fig. 1) is particularly surprising since it is well separated from any contaminating emission or possible absorption associated with G1 and G2.
Spectroscopy
B21141022 was observed with the Double Spectrograph on the Palomar 200-inch Telescope on 1995 July 23. A 50-min integration on the system produced a spectrum containing an emission line and weak stellar absorption features, suggesting a redshift of z , 0:316. However, the signal-to-noise ratio of the final spectrum was not sufficient to extract redshifts for the two galaxies seen in the optical and infrared images. Thus, the B21141022 system was re-observed on 1997 July 26 with the Low Resolution Imaging Spectrograph (Oke et al. 1995) on the W. M. Keck II Telescope. The 300 groove mm 21 grating was used, giving a spectral scale of 2.44 Å pixel 21 . The 1.0-arcsec wide slit was aligned at a position angle of 58 to cover the two objects seen in the HST images. Two 1500-s exposures were taken. The data were reduced using standard tasks in IRAF.
2 Observations of the Oke standard star BD1284211 (Oke 1990 ) were used to correct for the response of the chip. Two objects are clearly seen in the two-dimensional spectra, separated by ,1.3 arcsec. The G1 and G2 spectra were extracted from each exposure, weighted by the squares of their signal-to-noise ratios, and then co-added. The final spectra are shown in Fig. 4 . Numerous absorption and emission lines are seen in the spectra, providing unambiguous redshifts for G1 and G2, z G1 ¼ 0:3157^0:0003, z G2 ¼ 0:5883^0:0003. The uncertainties in the redshifts are derived from the rms scatter in the redshifts produced by the individual spectral lines. G2 appears to be an elliptical galaxy whereas the G1 spectrum most resembles that of a star-burst galaxy like M82 (Kennicutt 1992 ). Thus we would classify G2 as an elliptical galaxy and G1 as an 'E 1 A' or a 'poststarburst galaxy' (Dressler & Gunn 1983 ).
Astrometry
A key step towards understanding the B21141022 system is to establish an accurate registration of the radio and optical images. The positions of the radio components derived from the 1992 VLA 8.4-GHz observations (table 1 of Browne et al. 1998a) , are given in Table 4 and have estimated errors #20 mas. These positions agree to within 10 mas of the independent positions derived from VLA 8.4-GHz observations made in 1995 (Table 1) .
To register the optical and radio images, accurate positions of stars measured in the extragalactic reference frame are required which should be visible in an optical image that also shows the galaxies G1 and G2. An I-band CCD frame of the B21141022 field was obtained with the NOT in 1996 August 10. On this frame there are seven reference stars from the list of those measured with the Carlsberg Automatic Meridian Circle (Dafydd Wyn Evans, private communication). The Starlink astrometric package GAIA was used to transfer the astrometric calibration to the CCD image; the nominal accuracy of the Carlsberg star positions ranges from 0.06 to^0.16 arcsec. The positions derived for the galaxies G1 and G2 are given in Table 4 . Using this astrometry we have superimposed the radio contours derived from the MERLIN 5-GHz map on to the HST H-band image. The resulting combined optical 1 radio image is presented in Fig. 1 , with an estimated registration error of 0.1 arcsec. It may be noted that the radio component D coincides with a very faint feature in the HST H-band picture. This feature arises from a single pixel in the HST frame which also shows up in the NICMOS pictures we have of other lensed systems.
D I S C U S S I O N
B21141022 as a lensed system
B21141022 is unique among the ,15000 objects of JVAS1 CLASS. Normally the presence of four such flat-spectrum radio components within a few arcsec of each other would be taken as very strong evidence that we are dealing with a four-image gravitational lens system (e.g. Schneider, Ehlers & Falco 1992) since each individual radio component has the radio spectrum (Fig. 3 ) that we would expect from a nuclear radio core.
3 Moreover, the detection of a luminous galaxy (plus a companion) within an arcsec of the radio components is expected in a lensing situation. However, the four-image hypothesis is difficult to sustain. Simply finding a lens model to fit the configuration has proved elusive. In addition, there are the differences in radio spectra and VLBI substructures of the components which should all be similar in a quad lensed system. Components A and D have radio spectra and surface brightnesses similar to each other; B and C also have similar spectra and surface brightnesses, but different from A and D.
We therefore believe that B21141022 must be a two-image gravitational lens system. The chain of argument which supports this conclusion is as follows.
(i) Components A and D have similar compact (mas) radio structures and similar flat radio spectra. 4 The chance of finding two independent sources with such similar properties, and with a potential lensing galaxy between them, is exceedingly remote.
(ii) We would anyway expect component A to be lensed by G1. From its radio properties A is almost certainly the core of an active galaxy. Since no optical/infrared emission has been detected, it must be at a high redshift, certainly greater than that of G1. But G1 is a luminous elliptical galaxy which should be capable of producing multiple images and A (even after some gravitational deflection from its true position) lies only ,0.4 arcsec from its centre. Chae et al. (2001) estimate the Einstein radius of G1 as a function of velocity dispersion for an SIS model and show that the impact parameter of A is likely to be smaller than the Einstein radius of G1. Therefore A should be multiply imaged. Component D is the obvious second image.
There appear to be two alternatives within this double-image scenario: either the components B and C are unlensed (perhaps associated with the lensing galaxy itself) or the lensed object has two components, both of which are doubly imaged. For the latter it has proven difficult to find a combination of source structure and lens mass model to produce the observed radio component configuration. The main problem is to simultaneously produce the wide separation of A and D and the small separation of B and C. We therefore argue that B and C are unlensed and are associated with the galaxy G1. In this picture G1, assisted by strong shear from G2, gravitationally lenses a compact background object of unknown redshift to produce images A and D.
We now explore single-plane mass models with the primary aim of showing that a lensing hypothesis is at least tenable. More detailed single-plane and double plane models are explored in the follow up paper by Chae et al. (2001) . The redshift of the lensed object is unknown but probably in excess of 2.0 (see Section 4.3). Since varying the source redshift in the modelling only changes the required velocity dispersion for the lens, in the following we will Figure 4 . The Keck spectra taken of the two galaxies (G1 -top and G2 -bottom) that lie in the field of B21141022 (Fig. 1) . Their spectra give the unambiguous redshifts: z G1 ¼ 0:3157^0:0003 and z G2 ¼ 0:5883^0:0003. assume for convenience that the redshift is 2.0. Because of the nearly axisymmetric surface brightness distribution of the primary lens galaxy (G1), we first attempt to model it as a singular isothermal sphere (SIS; e.g. Kormann, Schneider & Bartelmann 1994) plus external shear, caused by the secondary lens galaxy G2. This model is clearly oversimplified, because (i) the surface brightness distribution might not accurately trace the mass distribution and (ii) galaxy G2 lies at a different redshift and has an angular separation from galaxy G1 such that its convergence is probably not negligible and its shear not constant from images A to D. Five constraints on the simple model come from the image positions and their flux-density ratio. There are, however, also five free parameters: the velocity dispersion of galaxy G1 (1), the position angle and strength of the external shear (2) and the position of the source (2). In general our model will therefore exactly match the observed constraints and no statistical conclusions can be drawn from it. We place the SIS mass distribution at the surface brightness peak of galaxy G1, which constrains its position with respect to the radio structure to within 0.1 arcsec accuracy. We use a flux-density ratio A/D of 3.0, which lies in the middle of the range of 2:3-3:7 found from Table 3 . A major complication with this model is that the source position tends to lie within the cusp of the diamond caustic, thus creating a quad and not a double, as observed. This problem cannot be overcome by either changing the flux-density ratio or moving G1 within the 0.1 arcsec box allowed by the astrometric uncertainty, but requires a significantly larger positional shift. All SIS models require an external shear of approx. 0.45 with a PA of approximately 2308. Both the direction and strength of the external shear are unlikely to be the result of galaxy G2 alone.
An alternative is to assume that G2 has negligible influence and model G1 as a singular isothermal ellipsoid (SIE; Kormann et al. 1994 ) without external shear. As with the external shear model this one has two additional parameters (i.e. PA and flattening) compared to an SIS mass model. The number of degrees of freedom are therefore zero as well, allowing for a 'perfect' fit to the observed constraints. Placing the SIE mass distribution on the same position as before, we find a solution with an axial ratio and PA of 0.238 and 2348, respectively. A velocity dispersion of 248 km s 21 is found, assuming the definition in Kormann et al. (1994) and a source redshift of 2.0. We use V m ¼ 0:3, V L ¼ 0:7 and H 0 ¼ 65 km s 21 Mpc 21 . For this particular model, shown in Fig. 5 , the source lies just outside the cusp in a region where the magnification of image A is greatly enhanced, consequently only a double is created. However, the flattening of the mass distribution is very large (equivalent to a large internal or external shear). In addition the PA does not align with the direction of G2 suggesting the latter is not the 'sole' cause of this large shear.
Clearly, both simple models are unsatisfactory, although they illustrate that both the image positions and flux density ratio can be recovered to rough first order within the lensing hypothesis. A more realistic multi-plane lens model is presented in (Chae et al. 2001 ).
The radio properties of the components
The radio components B and C themselves present a puzzle, irrespective of whether they are lensed or not. The spectra of B and C peak at about 5 GHz but the VLBI observations show that they contain no unresolved mas-sized components. Based both on synchrotron/inverse Compton theory and a wealth of observational data (e.g. Readhead 1994 ), radio components with flat or peaked spectra are expected to have peak brightness temperatures of ,10 11 K. In the case of components B and C in B21141022 this would imply that they should contain dominant regions of angular size ,0.2 mas. By contrast, they appear to have sizes of ,20 mas. The only way out of this dilemma is to presume that, during the propagation of the radio emission from source to observer, either the spectra or the sizes of B and C have been modified. Changing the size (e.g. by scattering) seems unlikely as the information we have suggests that component sizes are not very different at 1.6 and 5 GHz whereas, if scatter broadening were happening, the sizes of the components should scale roughly as l 2 ; i.e. the 1.6-GHz sizes should be factor of nine larger than the 5-GHz sizes. Could the spectrum of the emission have been modified by free -free absorption as the radiation propagates through the galaxy G1? It is known that the supernova remnants in M82 suffer free -free absorption (Wills, Pedlar & Muxlow 1998 ) and we have already pointed out that the optical spectrum of G1 is that of a poststarburst galaxy resembling that of M82. Thus, given that the lines of sight to B and C pass within 2 kpc of the centre of G1, it is possible that radiation propagating through G1 could be freefree absorbed. This would resolve the size puzzle since the emission from B and C could then have an intrinsically steep spectrum and then the argument for high brightness temperatures goes away. This mechanism could work with the emission from B and C originating either within G1 or from behind it. If freefree absorption occurs, the similarity of the spectra of B and C is surprising given that they pass through very different parts of G1. Thus we are not entirely happy with this free -free absorption explanation, but find it difficult to think of a better alternative.
If B21141022 is a two-image lens system, components B and C are physically associated with the Galaxy G1. We are, however, faced by another problem; most radio sources have the lobes roughly symmetrically disposed with respect to the host galaxy but our astrometry does not position G1 between B and C. We cannot completely discount the possibility that the astrometry is wrong but it would require a 3s error to put G1 between B and C. It is thus unlikely that B and C are conventional radio lobes powered by jets emanating from G1. The astrometric errors would allow C to be coincident with G1 and thus C could be a radio core and B a knot in a one-sided radio jet. However, the high-resolution radio map of C (Fig. 2) indicates that its structure is unlike that of most known nuclear radio components. An alternative possibility is that the emission might be associated directly with the starburst activity in G1 as it is in M82 (Muxlow et al. 1994 ) and Arp220 (Lonsdale, Lonsdale & Diamond 1998) . The fact that the emission appears extended and free -free absorbed fits this idea but, as in the case of the radio lobe hypothesis, the lack of symmetry of the radio emission with respect to G1 is a problem.
The nature of the lensed object
The complete absence of optical/infrared emission from the lensed images A and D is surprising. In all the other 18 JVAS/CLASS lens systems the lensed object is detected in the HST I and/or H images. Perhaps the lack of detectable emission from A is not surprising given the starburst nature of G1 and the fact that its projected distance is within 2 kpc of the nucleus of G1. We might expect such a line of sight to be heavily obscured as happens for example in the lens systems B02181357 (Jackson, Xanthopoulos & Browne 2000) and B19331503 . However, image D is more than 2 arcsec from G1 and thus extinction seems particularly unlikely. The detection limit on D is I $ 25 and H $ 23. If the lensed object is a galaxy, even if it contains very little optical AGN emission, we would still expect to detect the light from the host galaxy, unless we are dealing with a very high redshift and/or lowluminosity system. Let us take an extreme case and assume that the host galaxy has a brightness of ,0.2L*. This will be magnified by a factor of 2-3 (Chae et al. 2001) in the lens, say to ,0.6L*. Even such a sub-luminous galaxy should be detectable out to a redshift of ,2.5 in the HST images.
C O N C L U S I O N S
We are confident that B21141022 is a gravitational lens system with the galaxy G1 being the primary lens. The lensed images are the radio components A and D. The reasons for our confidence are that (1) even a simple lens model can reproduce to first order the separation of A and D and their flux density ratio and that (2) the compact radio structure and similar flat radio spectra of A and D leave no obvious alternative explanation. Component A lies so close to G1 that it should be multiply imaged and D is an obvious candidate for a lensed image.
The nature of the remaining radio emission which we believe to be associated with G1 (i.e. the components B and C) is still obscure. There are problems with the idea that they are normal radio lobes or even that one is a core and the other part of a jet. It also seems likely that free -free absorption occurring in G1 is needed to produce turn-overs in otherwise steep radio spectra of radio components B and C. This enables us to reconcile the presence of extended radio structure in radio components which have apparently GHz-peaked radio spectra.
The fact that the lens in the B21141022 system is a starburst galaxy is also of potential interest. There are radio components behind it and/or within it and this opens up the possibility of probing the medium of the galaxy by studying the propagation effects as radiation passes through it. In addition, we speculate that the radio components B and C might themselves be associated with the starburst activity. If this is the case it suggests that starbursts may be under-represented in low-frequency (#1.4 GHz) radio catalogues simply because the radio emission associated with the supernovae may suffer strong free-free absorption as in the present case. It would then be surprising if there were not more such objects amongst the 15 000 other JVAS/CLASS flat spectrum radio sources. The way to find them would be with VLBI observations looking for objects with surface brightnesses much less than expected on the basis of synchrotron self-absorption theory.
